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Abstract 
Natural tracers, including 222Rn, 226Ra, δ18O, and δ2H are frequently used in hydrological studies to determine the origin, 
dynamics and mixing of waters. In order to assess the seasonal variation of groundwater flow in Rosia Montana mining area, 
water samples have been collected from ten points for nine months, on a monthly basis. The 222Rn and 226Ra concentrations 
reflect a low level of radioactivity in the area, the values being below the national and international thresholds for drinking water. 
Significant differences in the trends of the isotopic composition have been noticed, both for the mining affected and non-affected 
sampling sites, suggesting different pathways, residence times and geochemical processes that may occur. A Local Meteoric 
Water Line needs to be built in order to compare the measured isotopic ratios. The groundwater recharge in the system of 
galleries comes from atmospheric precipitations, being submitted to a longer or shorter path, and very likely, to different degrees 
of interaction with the rock. The performed preliminary investigations have revealed the good potential to a more complete image 
on the underground water circulation and related processes by using a combination of isotopic and classic chemical analyses.  
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1. Introduction and background 
Groundwater represents a vital resource for the society, and also for the ecosystems. Its consumption has 
increased during the last decades, and a special attention to the water resources reduction and degradation is 
necessary, especially in areas where the human activity has produced notable changes. The interest of researchers 
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for better understanding the groundwater origin, the subsurface processes, and the factors controlling the residence 
time has gradually increased, and the investigation techniques evolved continuously [1, 2].  
Environmental tracers, including the isotopes of oxygen, hydrogen, and radioactive elements, such as radium and 
radon, are more and more used in hydrological studies, in order to have a complete view about the water cycle, the 
groundwater recharge, water-rock interactions, and geochemical processes [3]. A tracer is a substance or energy 
taken throughout the water cycle, and able to provide information about the direction and velocity of the water flow, 
behaviour of contaminants, and various hydrogeological parameters [4]. Stable isotopes 18O (oxygen-18) and 2H 
(deuterium) are “fingerprints” of the water flow, including the rainfall, infiltration, underground movement, 
discharge into a stream, etc. These isotopes are valuable tools for understanding and better assessing the water cycle, 
runoff processes, flow path, water-rock interactions, and also the residence time [5, 6]. First studies in this field have 
started in the mid of the 20th century, when Craig [7] has discovered a good correlation between oxygen and 
deuterium, hence he established an equation that describes the Global Meteoric Water Line (GMWL), that will be 
used as a reference for all the isotopic surveys: 
 
ߜܦ ൌ ͺǤͳ͵ଵ଼ܱ ൅ ͳͲǤͺΩ  (1) 
 
An international programme has been launched, with a huge interest in studying the isotopic composition of 
precipitation, and describing all the factors that can influence the equations of local meteoric water lines, based on 
records from more than 500 meteorological stations [8]. 
Radon and radium isotopes (222Rn and 226Ra) are often taken into consideration to reveal the exchange that may 
occur in particular hydrologic reservoirs. The two tracers have become important in understanding the groundwater 
processes, their dynamics and mixing. While the oxygen and deuterium provide vital information about the water 
cycle, the radon and radium add new knowledge regarding the potential radioactivity of the host rock, and what are 
the conditions of interaction between the water and the bedrock [9]. The ion content is mainly driven by the 
dissolution of minerals, but the microorganisms may play an important role in determining the chemical 
composition of water [10]. Changes always occur in the watershed, there is a continuous cycle, and it is very 
important to understand what happens, especially in areas where the human activity has modified the original flow 
paths of the water bodies.  
The main purpose of the present study is to verify the utility of the natural tracers 222Rn, 226Ra, δ18O, and δ2H for 
better understanding how the mining works may influence the flow path, and the residence time of water in the 
underground environment in the particular case of Rosia Montana mining area. The opportunity to develop a more 
ample study in the area, based on the preliminary results provided by the investigations currently performed, will be 
checked. 
2. Study area 
Rosia Montana mining area (N 46°18’, E 23°07’) is located in the Southern Apuseni Mountains (Western 
Romania), at an altitude between 556 and 1238 m (Figure 1). The site pertains to the “Golden Quadrilateral” mining 
district (900 km2) and hosts one of the richest gold and silver deposits in Europe. The mineralization is hosted by a 
Negene volcanic complex, mainly consisting of different types of dacite and associated breccia [11]. The structure 
was interpreted as a maar-diatreme, intersecting Cretaceous formations.   
In 2006 all the mining operations have ceased due to economic reasons. The climate of the region is classified as 
temperate continental with topographic influences. The average annual temperature is 5.4°C, with a maximum 
monthly average of 24.7ιC during the summer period, and minimum monthly average of –8,2ιC during the winter. 
Arieș River is the most important water course in the Apuseni Mountains, and flows at about 10 km north of Rosia 
Montana, collecting water also from the investigated area. Rosia Montana is crossed by Rosia stream which flows to 
Abrud River, and further on to Aries River. The water quality in the streams from Rosia Montana is generally poor, 
as an effect of the acid mine drainage (AMD), manifested as leakages coming from the waste dumps, gallery outlets, 
and tailings ponds. In spite of the heavy pollution induced by the acid drainage, especially on streams, most of the 
soils are in an acceptable state, with the exception of the immediate proximity of the mining works and affected 
water courses [12]. 
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Figure 1. The location of the study area and the sampling sites. 
 
3. Sampling and analytical method 
Samples of water from sources affected, and non-affected by the mining activities have been collected monthly 
between November 2013 and July 2014, thus covering the cold and also the warm season. The sampling network 
was established with the aim to include the most representative water types from the area affected by the mining 
activity and surroundings. An important selection criterion has been also the permanence of the flow over the 
proposed monitoring period. Ten monitoring points have been selected: 4 dug wells or springs and 1 surface water 
non-affected by mining, and 5 sites with acid mine drainage (Fig.1). The sampling points described below have been 
included in the mining-affected water category. Point S4 (Gallery 714) is located on Rosia Valley, and it is the main 
adit of Rosia Montana mine. It collects water from the major part of the underground mining works. Upstream of 
S4, sampling point S8 is located at the outlet of a gallery in Cetate field. Very close to S8, acid water seeping at the 
base of a waste rock pile related to Cetate open pit was nominated as S9. Sampling point S2 corresponds to a 
collapsed gallery in the southern part of the mine, on Corna valley. Point S5 collects acid water exfiltrated at the 
base of Saliste tailings dam.  
Non mining-affected waters have been collected from sites S7, S1, S10, S3, and S6, out of which the first 4 are 
used as drinking water sources. Points S1 (dug well) and S10 (spring) are located on the slope of the hill bordering 
on the right side the Rosia Valley. Based on the terrain morphology, the water circulation seems to be shallow. Point 
S7 corresponds to a spring with apparently deeper circulation, used as water supply for part of the village. S3 is a 
dug well on Corna Valley, close to S2, and S6 is a point on Saliste stream, after it has left the bypass gallery under 
the tailings pond.  
 
1. Stable isotopes 18O (oxygen) and 2H (deuterium) 
 
Water samples were collected using glass containers with a volume of 4 ml, each individual sample has been 
filtered with a 0.45 μm pore filter, and parafilm was attached to the vials in order to avoid fractionation. Water 
samples were labelled and stored in a cool box at a temperature of about 4°C, for a better preservation during 
transportation to the laboratory. The isotopic composition of hydrogen and oxygen was determined using a Picarro 
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CRDS L 2130-I with autosampler. The traditional δ notation is used and all the isotopic ratios are reported to the 
international V-SMOW standard (Vienna Standard Mean Ocean Water). Two internal standards calibrated using 
standards provided by IAEA Vienna were used. The precision of the δ18O and δ2H measurements is ±0.12‰ and 
±0.8‰, respectively.  
 
 
 
 
 
 
Fig. 2. Acid mine drainage (S4 –upper photo; S5 – lower photo).  
 
2. Radionuclides  
2.1. Measurement of radon concentration in water samples 
 
Radon analyses were conducted using a LUK-VR system equipped with Lucas cells, and a special device for 
dissolved gas extraction [13]. The following relation (2) was established for a temperature of 20°C, between the 
radon content in water (A) and the number (N) of counts/second (c/s) recorded by the device: 
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ܣሺܤݍ ݈Τ ሻ ൌ ͹Ǥ͸ ൈ ܰሺܿ ݏΤ ሻ  (2) 
 
Statistical errors associated with the radon analysis were 5-6% [14].  
 
2.2. Measurement of radium concentration in water samples 
 
When a water sample is stored in a closed container for at least 30 days, the radon and radium are considered to 
attain the secular equilibrium. The radon in water was measured using a specially adapted LUK-3C device. Because 
of the relatively low radium activity in water, compared to the radon activity in fresh water [15], lower detection and 
quantification limits were required. Thus, by increasing the measuring time to 2400 seconds, the quantification limit 
was brought down to 0.05 Bq/l and a new calibration constant of 5.3 was determined through experiments in the 
laboratory. The radium concentration in water (Bq/l) was determined using the equation (3): 
 
ܣሺܤݍ ݈Τ ሻ ൌ ͷǤ͵ ൈ ܰሺܿ ݏΤ ሻ (3) 
 
where N (c/s) is the number of measured counts/second. 
 
4. Results and Discussion  
All monthly results of δ18O, δ2H, 222Rn and 226Ra measurements are shown in tables 2, 3, 4 and 5 respectively. 
 
1. Stable isotopes δ18O (oxygen) and δ2H (deuterium) in water bodies 
 
The average of δ18O in all springs and dug wells is –10.21‰ for the whole sampling campaign, while the average 
of δ2H is –70.62‰. In the case of acid mine drainage the average of δ18O is –10.10‰ and –69.47‰ for δ2H.  
Points S1 (dug well) and S6 (Saliste bypass) show similar behaviour, the isotopic ratios for oxygen 18 and 
deuterium are decreasing during the autumn and winter months, and increasing again in spring/summer months. 
This increase is more obvious for S6, which is surface water, more influenced by the abundant precipitations during 
the summer. The S1 sample collected in June 2014 is missing from the database as the vial was accidentally broken 
during the manipulation. 
The isotopic ratios for the points S3 (dug well Corna) and S10 (spring) are more constant, and grouped in a 
narrow range, around δ2H = –70‰, and δ18O = –10.20‰, suggesting a long residence time. A slight tendency of 
increase is noticed during the summer months.  
Point S7 (spring Rosia) shows the lighter and very constant isotopic composition during the first 7 months of the 
survey. A tendency of depletion in June and July 2014 is observed, especially for oxygen-18, thus showing a 
contrasting behaviour compared to the other non-affected water samples. These features could be related to a longer 
residence time and to the higher elevation of the infiltration area.   
Examining the second graph in fig. 4, similar behaviour can be observed in the case of sampling points S8 
(Cetate gallery), and S2 (Corna gallery). The two galleries are intercepting from opposite sides the Cetate ore body. 
Records are missing at S8 for two months (December 2013 and January 2014), as the water was frozen at the 
sampling time. The isotopic ratio variations for the two sampling sites are relatively large, suggesting a relatively 
fast water movement in the network of galleries. Stronger depletion for both isotopes is shown at S2, possibly 
related to the water-rock interaction processes. Based on the 9 months database that is currently available, the cycles 
seem to be short, 5 to 6 months.  
Similar isotopic ratio variations for the first 5 months of the survey can also be noticed for sampling points S5 
(Saliste tailings pond) and S9 (Cetate dump). The amplitude of the variation for both isotopes is lower than in the 
previous case (S8-S2). More advanced isotopic depletion is observed at S9.  
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Fig. 3. Plot of δ2H and δ18O for water samples in springs/dug wells (left), and acid mine drainage (right).  
 
 
 
 
 
 
Fig. 4. Comparison of seasonal variations of δ2H, δ18O and precipitation in the Rosia Montana mining area (AMD on the left column, springs/dug 
wells/surface water on the right column; red squares – δ2H, blue diamonds – δ18O) 
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Point S4 (Adit 714) shows relatively constant isotopic ratios. A certain similarity with S5 can be noticed. An 
episodic increase of the isotopic ratios, less accentuated than S8-S2, and delayed by one month, is visible in April 
2014. All sampling points, with the exception of S7, show an increase of the isotopic ratios during the last month of 
the survey, probably related to the abundance of summer precipitations, characterized by higher δ18O and δ2H 
values. As for the moment no Local Meteoric Water Line (LMWL) is available, the δ18O and δ2H values of the 
sampling points were plotted against the Meteoric Water Line established for Raureni-Valcea area, Romania [16], 
with the equation ߜܦ ൌ ͺǤͲ͹ͻଵ଼ܱ ൅ ͳͳǤͻΩ  (Figure 3). As the actual LMWL in the investigated area may 
significantly differ from this line, caution is needed in the interpretation of the obtained data. It results as well the 
need for a reliable LMWL, to be accurately built in Rosia Montana area. Similar studies have shown the importance 
of combining different techniques in investigating the complex hydrologic systems in mining areas. Melchiorre et al. 
were able to distinguish two sources of recharge in the case of AMD seeps on the Green Valley site (Indiana), using 
chemical and isotopic data [17]. A method for identification and characterization of AMD sources in a mining area 
in Colorado, based on hydrometric, chemical, and isotopic analyses, was proposed by Hazen et al. [18]. A more 
extensive isotopic database including additional sampling points and monthly records on a longer period, 
complemented with chemical analyses, will allow us to obtain a detailed insight into the water underground 
circulation and related processes that occur within the mining area. 
 
 
2. Radionuclides  
 
The obtained results reflect a low level of radioactivity in the area. The measured Rn and Ra concentrations do 
not exceed the international guidance levels (tables 1, 4, and 5). As shown in Table 1, the highest concentrations 
were 210 mBq/L for 226Ra, and 11.2 Bq/l for 222Rn in spring S10, outside the mining-impacted area. The dot plots in 
figure 5 show that the highest concentrations of 226Ra and 222Rn were found in the northern part of the survey area, 
while the southern part have lower contents. It can be also noticed that the maximum concentrations of Rn do not 
necessarily correspond to maximum concentrations of Ra. In spite of the intensive water-rock interactions in the 
mining area, the concentration of radionuclides in the mining-affected waters remains low, even lower than in the 
non-affected area. The low level of radioactivity is determined by the geological background of the area, that does 
not favour high concentrations of radionuclides. We assigned special attention to fresh groundwaters, as these are 
traditionally used for human and cattle consumption. Despite the presence of several dumps and large surfaces of 
exposed rock, the area has a minor contribution in terms of radioactive potential. As shown in tables 1, 4 and 5, 
beside the low values of radioactivity in all sampled points, the concentrations of Rn and Ra in water vary between 
narrow limits. This situation is unfavourable for the use of Rn and Ra radionuclides as tracers. More detailed 
investigations are needed in order to determine their effectiveness.  
 
Table 1. Statistical descriptive of the investigated sites 
 
 
 
Radon Radium Radon Radium Radon Radium Radon Radium Radon Radium
Acid mine drainage 5 5 6 108.2 8.2 174.8 3.5 3.5 2.2 52.5
Springs/ dug wells 4 4 8.5 167.5 9.2 204.6 7.4 139.0 0.8 31.8
Surface water 1 1 6.7 89.0 6.7 89.0 6.7 89.0 6.7 89.0
Arithmetic mean Maximum value Minimum value Standard deviationNo.
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Fig. 5. Dot-plot maps for 222Rn and 226Ra concentrations in the study area.  
 
Table 2. Monthly isotopic composition of δ18O and δ2H in non-affected waters  
Month S1 
 
S3 S6 S7 S10 
 
      δ18O        δ2H     δ18O       δ2H      δ18O       δ2H     δ18O       δ2H    δ18O        δ2H 
Nov 2013 –9.00 –65.80 –10.33 –71.01 –9.72 –67.37 –10.78 –73.39 –10.24 –70.41 
Dec 2013 –9.25 –67.19 –10.24 –70.63 –9.79 –68.04 –10.70 –73.20 –10.19 –70.36 
Jan 2014 –9.64 –68.92 –10.51 –70.84 –10.17 –69.79 –10.69 –73.06 –10.12 –70.10 
Feb 2014 –9.69 –69.16 –10.12 –69.74 –10.23 –70.92 –10.70 –73.19 –10.23 –70.70 
Mar 2014 –9.77 –69.67 –10.25 –70.36 –10.30 –69.57 –10.79 –73.47 –10.21 –70.37 
Apr 2014 –9.91 –70.02 –10.08 –69.81 –9.84 –68.28 –10.67 –73.26 –10.09 –70.13 
May 2014 –9.91 –70.29 –10.27 –70.92 –9.81 –68.76 –10.73 –73.49 –10.09 –70.27 
Jun 2014 – – –10.12 –69.63 –9.54 –66.73 –11.04 –73.92 –10.43 –70.94 
July 2014 –9.08 –64.35 –10.02 –68.80 –8.02 –56.54 –11.49 –74.82 –10.19 –69.47 
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Table 3. Monthly isotopic composition of δ18O and δ2H in affected waters 
Month S2 
 
S4 S5 S8 S9 
 
      
      δ18O        δ2H 
      δ18O       δ2H      δ18O         δ2H       δ18O       δ2H      δ18O        δ2H 
Nov 2013 –10.17 –69.15 –10.21 –69.51 –9.89 –68.27 –10.45 –72.48 –9.79 –66.79 
   Dec 2013 –10.26 –70.01 –10.14 –69.10 –9.83 –68.28 –10.45 –72.56 – – 
Jan 2014 –10.56 –70.90 –10.17 –69.43 –9.69 –67.85 –10.45 –71.99 – – 
Feb 2014 –10.35 –70.70 –10.23 –69.79 –9.87 –68.92 –10.57 –73.19 –10.03 –68.33 
Mar 2014 –10.05 –68.78 –10.33 –69.88 –9.79 –68.11 –10.43 –72.69 –9.48 –64.61 
Apr 2014 –10.06 –69.55 –10.08 –68.98 –9.72 –67.86 –10.47 –72.65 –9.67 –66.03 
May 2014 –10.17 –70.84 –10.09 –69.80 –9.80 –68.53 –10.41 –72.51 –10.01 –69.49 
Jun 2014 –10.30 –70.63 –10.19 –69.70 –9.99 –69.29 –10.46 –72.26 –10.42 –70.51 
July 2014 –9.42 –64.39 –10.17 –68.98 –10.14 –69.26 –9.89 –67.52 –9.79 –67.04 
 
Table 4. Monthly concentrations of Ra (mBq/L) and Rn (Bq/L) in non-affected waters 
Month S1 
 
S3 S6 S7 S10 
 
        Ra           Rn       Ra           Rn       Ra            Rn       Ra           Rn       Ra             Rn 
Nov 2013 177.53 8.35 152.00 7.05 76.00 6.32 126.67 8.66 202.67 9.30 
Dec 2013 187. 00 7.54 142.50 6.38 79.00 6.06 136.20 8.40 199.60 8.72 
Jan 2014 198.20 7.24 144.20 6.10 98.00 5.90 139.40 7.80 204.00 7.80 
Feb 2014 167.60 9.30 134.00 7.50 81.00 6.79 129.30 9.60 208.40 9.10 
Mar 2014 183.50 9.50 140.20 6.90 86.50 6.90 138.50 7.60 202.40 8.10 
Apr 2014 178.60 9.90 138.50 8.20 85.50 6.90 138.20 7.20 203.50 9.60 
May 2014 182.77 8.64 142.58 7.02 96.20 6.48 141.10 8.21 204.60 8.77 
Jun 2014 183.00 9.97 144.20 8.50 99.60 7.50 149.00 8.90 207.00 9.80 
July 2014 191.00 10.40 148.50 8.90 104.50 8.20 153.00 9.70 210.00 11.20 
 
Table 5. Monthly concentrations of Ra (mBq/L) and Rn (Bq/L) in affected waters 
Month S2 
 
S4 S5 S8 S9 
 
       Ra           Rn        Ra          Rn      Ra              Rn       Ra            Rn      Ra            Rn 
Nov 2013 101.33 5.72 76.00 3.26 152.00 7.68 25.33 3.15 126.67 7.36 
Dec 2013 111.03 5.40 85.00 3.30 166.00 7.28 – – 135.70 7.36 
Jan 2014 104.30 5.20 89.00 3.21 187.00 7.04 – – 141.00 7.20 
Feb 2014 107.30 6.78 67.00 3.80 164.00 7.90 29.40 3.80 127.50 7.60 
Mar 2014 108.90 6.78 85.90 3.94 178.90 7.69 32.40 3.90 134.20 7.50 
Apr 2014 106.20 7.01 87.50 4.10 169.10 8.60 38.20 3.70 138.20 8.30 
May 2014 106.57 6.15 90.20 3.60 181.50 7.70 37.90 2.43 140.50 7.55 
Jun 2014 107.50 6.90 93.00 4.50 184.50 9.80 39.40 3.50 142.80 8.70 
July 2014 110.20 7.50 98.00 5.20 190.20 10.20 42.00 3.90 149.00 9.10 
 
5. Conclusions  
The present study investigated the concentration of radionuclides and the stable isotopic composition (δ18O and 
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δ2H) from springs, dug wells, surface waters and acid mine drainage in a limited number of sampling points over a 
nine-months long survey in Rosia Montana mining area. The 226Ra and 222Rn concentrations reflect a low level of 
radioactivity in the area, the values being below the international accepted thresholds. The highest radioactivity in 
water was found in the northern part of the study area, i.e. Rosia Valley for both radon and radium. Comparable 
concentrations of radionuclides have been measured in the mining-affected and non-affected waters. Unexpectedly, 
the radon and radium concentrations in the non-affected areas are slightly higher than in the mining area. As the 
values are generally low, and the variation range for each sampling point is relatively narrow, based on the existing 
data it is difficult to assess the relevance of Rn and Ra as tracers in the case of Rosia Montana mining area. The 
groundwater recharge in the system is provided by precipitations and by stream water from the surrounding area. In 
the mining works, the water-rock interactions that occur may alter the initial isotope ratios of the infiltration water, 
to an extent that should be further assessed. The current survey proves the usefulness of the isotopic methods in 
understanding the underground circulation of water in Rosia Montana mining area, and is an incentive for pursuing 
the study for a complete characterization of the hydrologic system. The survey will be extended to more sampling 
points in the mining area, and also in the surroundings. Beside the isotopic measurements, the chemical 
characterization of water, in terms of major ions and dissolved heavy metals will be performed. A Local Meteoric 
Water Line for the study area is needed, in order to elaborate a more precise interpretation of the isotopic data. A 
deeper understanding and quantitative assessment of the water flow and processes in the mining area, resulting from 
a complete study, will allow us to propose measures to reduce the AMD generation and contribute to a more 
efficient environmental remediation in the area.  
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